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INTRODUCTION 

Bands have been observed during un id i r ec t iona l  s o l i d i f i c a t i o n  

of e u t e c t i c  A 1  Cu a l loys .  

pendicular t o  t h e  growth d i r e c t i o n  which is along t h e  long axis of 

t h e  s o l i d i f i e d  ingot (Figure 1). Such bands had a c t u a l l y  been seen 

el sewhere ( l )  and were in t e rp re t ed  as due t o  convection cu r ren t s  i n  

t h e - l i q u i d  metal because o f  changes i n  t h e  dens i ty  of t h e  s o l i d i -  

These bands arc almost p lanar  and per- 

fying metal. 

A c l o s e r  look a t  t h e  temperature - time c h a r t s  i n  t h e  present  

case showed t h a t  i n  t h e  cases  where these  bands were seen t h e  temp- 

erature was not kept constant  but showed some o s c i l l a t i o n s .  

was then important t o  see  i f  t hese  o s c i l l a t i o n s  were a c t u a l l y  t h e  

I t  

reason f o r  banding which could then be eliminated o r  if convection 

cu r ren t s  were t h e  reason f o r  t h e  banding so t h a t  a d i f f e r e n t  ap- 

proach would have t o  be used t o  e l imina te  t h e  banding.’  

To t h i s  end experimental observat ions were made which showed 

t h a t  a c t u a l l y  the  f luc tua t ions  i n  t h e  temperature were t h e  reason 

f o r  banding. A t h e o r e t i c a l  ana lys i s  was then c a r r i e d  out t o  c a l -  

c u l a t e  t h e  amplitude and frequency of  t h e  permissible  temperature 

o s c i l l a t i o n s  which would not produce any banding. 
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Experimental Observations 

The bands have been observed i n  a few d i f f e r e n t  samples. 

A t yp ica l  one is  t h e  G1-2-T2-2 sample, micrographs of which are 

given i n  Figure 1. The wavelength of t h e  bands is  seen t o  vary 

along the  sample. I t  is about 100 microns i n  t h e  cold s i d e  o f t h e  

specimen and r i s e s  up t o  about 250 microns a t  t h e  o the r  end. 

c loser  ;ook i n t o  t h e  s t r u c t u r e  o f  t h e  bands with a magnification 

o f  66GX shows (Figure 1)  t h a t  a t  t he  band most of the  lamella 

A 

stopped growing suddenly while some of them grew i n t o  a globular  

form. A s t r u c t u r e  similar t o  t h i s  one was observed by Chadwick. 

In t h e  l a t t e r  study s i n g l e  c r y s t a l  of Cu A12 - A 1  e u t e c t i c  a l loys  

12) 

were obtained i n  which t h e  lamella had grown p a r a l l e l  t o  t h e  long 

a x i s  of  t h e  ingot.  

about h a l f  t h e i r  length and then allowed t o  r e s o l i d i f y .  The s t ruc -  

t u r e  of  t h e  meltback pos i t i on  looks very similar t o  t h e  s t r u c t u r e  

The s i n g l e  c r y s t a l s  were p a r t i a l l y  remelted t o  

of the  bands observed here  i n  t h e  sample G1-2-T2-2. We have then 

a process of  melting back for a sho r t  dura t ion  and then regrowing 

of  t he  lamella again u n t i l  next meltback occurs and so on. 

The power on t h e  heat ing element had t o  be reduced a t  a given 

rate during s o l i d i f i c a t i o n  i n  order  t o  achieve t h e  required decrease 

of  t h e  temperature with time. 

o f f  a t  give3  i n t e rva l s .  

To t h i s  end the  power was put on and 

The i n t e r v a l  o f  time when t h e  power was on 
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decreased with time while  t h e  total  on-of€ i n t e r v a l  was constant.  

In the  s o l i d i f i c a t i o n  of t h e  G1-2-T2-2 sample t h e  t o t a l  on-off per- 

iod was 19 seconds. This  r e su l t ed  i n  o s c i l l a t i o n s  i n  t h e  temperature 

of t h e  hea te r  with an amplitude of  about + 2OC. 

when no banding was observed t h e  on-off period o f  t h e  power was about 

1 second. 

During former runs - 

In such cases t h e  temperature of t h e  hea te r  showed oscil- 

l a t i o n s  with an amplitude of  about + O . S 0 C .  - 
7n check i f  t h e  bands are r e l a t e d  t o  the  temperature o s c i l l a t i o n s  

another run was made using t h e  sample D5-1-T3-1. 

e r a tu re  c o n t r o l l e r  was not used and ins tead ,  t h e  temperature was re- 

duced by lowering t h e  vol tage on t h e  heat ing element a t  a given r a t e ,  

Also, twice during t h e  experiment, t h e  temperature was given a small 

spike.  

This time the  temp- 

FIicrographs taken from t h i s  sample a f t e r  s o l i d i f i c a t i o n  a r e  

given i n  Figure 2.  One can see  t h a t  no banding is v i s i b l e  along t h e  

ingot except a t  two places .  The d is tance  between t h e  two bands is 

18.6 mm. 

A look a t  t h e  temperatube-time char t  of t h i s  run shows t h a t  t h e  

two temperature sp ikes  occur a t  T=64S°C and a t  T= 597"C, t he  time in-  

terval between the  sp ikes  being of  26 minutes. This y i e l d s  a cooling 

r a t e  of 1.84 "/mine 

due t o  these  two temperature sp ikes  one f i n d s  t h a t  t h e  temperature gradi-  

ent i n  t h i s  i n t e r n a l  is about 25.8 O / c m  and t h e  growth rate is 11.8 

microns/sec. o r  4.2 cm/hr. 

Assuming t h a t  t h e  two bands seen i n  t h e  sample a r e  
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Experimentally t h e  run with t h e  sample D5-1-T3-1 was similar t o  

the  run of t h e  sample G1-2-T2-2. Consequently w e  assume t h a t  i n  t h e  

la t ter  sample t h e  growth rate was a l s o  o f  11.8 microns/sec. 

t ioned above i n  t h i s  sample the  on-off period of t h e  hea te r  was 

19 seconds. 

As men- 

The pe r iod ic  dis turbance of t h e  temperature should then 

produce bands with a wavelength o f  11.8 x 19 = 224 microns. 

similar eo the  wavelength of  t h e  bands observed ac tua l ly  near  t he  end 

of t h e  specimen [about 250 microns as mentioned above). We can t h e n .  

conclude t h a t  t h e  temperature dis turbances due t o  t h e  temperature con- 

t r o l l e r  a r e  t h e  cause of  t h e  banding observed i n  t h e  specimen &-2-T2-2. 

This is 

Theoret ical  Calcu la t ions  

An accurate  ana lys i s  o f  t h e  e f f e c t  o f  t h e  temperature o s c i l l a t i o n s  

on the  s o l i d i f i c a t i o n  process is complicated because-of  t h e  many f ac to r s  

involved. Also t h e  f u l l  amplitude of a temperature f luc tua t ion  w i l l  not 

be f e l t  a t  a growing S/1 i n t e r f a c e ,  and t h e  f luc tua t ions  w i l l  be par- 

t i a l l y  absorbed and damped 

mater ia l s  such f luc tua t ions  w i l l  have only a small e f f e c t ,  but i n  a l loys  

t h e  s o l u t e  d i s t r i b u t i o n  i n  f ron t  of t h e  S/1 i n t e r f a c e  w i l l  be g rea t ly  

a f f ec t ed  . 

out  by t h e  thermal boundary layer .  In pure 

Several  analyses  o f  t h i s  effect have been ca r r i ed  out i n  recent  

years.  ('") 

w e  w i l l  use t h e i r  theory t o  analyze our  case  of  A1-Cu R12 e u t e c t i c  a l l o y  

s o l i d i f i c a t i o n .  

The most e labora te  one is due t o  fIurle e t  a1.(4) and 
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In t h i s  theory one writes down t h e  equations €or thermal and 

mass flow when a p lanar  so l id - l iqu id  phase boundary moves with con- 

s t a n t  ve loc i ty  VC along a given a x i s  (2).  The assumptions made are: 

(1) The flow is only i n  one d i r ec t ion ,  (z) ,  

(2) There is no mass-diffusion i n  t h e  so l id .  

(3) 

( 4 )  

There is  no k i n e t i c  undercooling of  t h e  in t e r f ace .  

The temperature varies l i n e a r l y  i n  the region of i n t e r e s t .  

Af te r  t h e  s teady-s ta te  so lu t ion  is obtained, t h e  f luc tua t ion  

in' t he  temperature i s  introduced as a first order  per turba t ion  i n  t h e  

te3pera ture  and composition, so t h a t  t h e  temperature is now 

T = T(O) + T ( l )  and the  composition is 

c = CCO) + c(1) 

where T( I )  and C( l )  are t h e  per turba t ions ,  assumed t o  be small. The 

ve loc i ty  of  t h e  i n t e r f a c e  w i l l  then  be 

V =  do) + ~'(1) = do) + d#/dt 

where 

moving with t h e  unperturbed ve loc i ty  v ( O ) .  

t h a t  while t h e  d is tance  9 ( t )  is  small as a per turba t ion ,  d l )  is  not 

necessar i ly  so. 

jd and d l )  are measured r e l a t i v e  t o  t h e  frame' of coordinates  

I t  must be emphasized here  

These per turba t ions  y i e ld  new boundary condi t ions which are then 

used t o  solve t h e  equations of  heat  and mass flow under t h e  new as- 

sumptiorr t h a t  t he  f luc tua t ion  i n  t h e  temperature of t h e  l i qu id  is per- 

iod ic  z i t h  "rime, i.e. 

~ ~ 1 ~ )  = e e i w t  



I f  melting-back occurs then t h e  change in  t h e  concentrat ion i n  t h e  

s o l i d  CS(l) w i l l  be dependent on t h e  previous f reez ing  and w i l l  have 

a complicated dependence on time. So i n  order  t o  obta in  some so lu t ion  

one assumes t h a t  melting - back does not  take  place.  

sumption one obta ins  d i f f e r e n t  equations which make it poss ib le  t o  

ca l cu la t e  t h e  values of 

Under t h i s  as- 

t and a l s o  of t h e  root  mean square k /:%{and7 c o  1 

concentration gradient  versus where W is  t h e  frequency of t h e  

o s c i l l a t i o n s .  

For t h e  case o f  t h e  AI-Cu A12  e u t e c t i c  a l l o y  with o s c i l l a t i o n s  of 

a period T = 1 Sec. U(O) = 1.18 

so that  for 8 3. 0.6OC we w i l l  have /A1)/ z /do! i .e, melting-back 

w i l l  occur. For t h e  case o f  T = 19 sec 

we obta in  t h a t  melting back w i l l  occur i f  8 ;I 0.8OC. 

cm/sec. w e  f ind  t h a t  1 
-&%!A lo6* 

( the  case where bands were seen) 

Indeed, i n  t h i s  

case ,  as mentioned above, w e  had 0 

melting-back. 

2OC which produced banding due t o  

We must warn here  though t h a t  i n  t h e  theory it was assumed t h a t  

melting-back d id  not occur so t h a t  t h e s e  numbers should not be  taken too  

se r ious ly  . But never the less  they should give the  order  of  magnitude of 

t h e  permissible  frequencies and amplitudes of  t h e  temperature o s c i l l a t i o n s  

i n  order  t h a t  melting-back should not occur. 
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Even when t h e r e  is no remelting, bands could be produced by 

temperature o s c i l l a t i o n s  f o r  t h e  following reason. (5 1 

In t h e  un id i r ec t iona l  s o l i d i f i c a t i o n  of  a e u t e c t i c  a l l o y  t h e  

so l id  forms as horizontal  l aye r s  o f t h e  two r e s u l t i n g  phases A and 

B, one on top  of t h e  other .  These layers  end as a v e r t i c a l  planar  

f ron t  khich c o n s t i t u t e s  t h e  so l id / l i qu id  in t e r f ace .  I t  i s  well es- 

tab l i shed  now t h a t  t h e  layers  o f  A and B grow simultaneously so 

t h a t  - i n  t h e  l i qu id  phase we have an A poor ( B  r i ch )  region i n  f ront  

of  t he  A phase l aye r  and a B poor (A r i c h )  region i n  f ront  o f  t h e  

B phase layer .  

a l t e r n a t e l y )  i n  f ron t  of t h e  s o l i d  l i qu id  in t e r f aces .  

We have then a so lu t ion  r i c h  l aye r  (A r i c h  6 €$ r i c h  

This l aye r  d i sso lves  by lateral d i f fus ion  bui lding up t h e  

s o l i d  phase, r e s u l t i n g  i n  t h e  advance of  t h e  s o l i d  l iqu id  in t e r f ace .  

A t  t h e  same time a new l aye r  i s  b u i l t  constant ly ,  making t h e  process 

of s o l i d i f i c a t i o n  a continuous one. 

In normal growth t h e  s o l u t e  r i c h  boundary l aye r  d i sso lves  and 

bui lds  up at a rate comparable t o  t h e  rate of advance of t h e  so l id /  

l i qu id  in te r face .  But when temperature o s c i l l a t i o n s  exist, as i n  our 

case, the re  w i l l  be times a t  which t h e  i n t e r f a c e  is advancing more 

rap id ly  than t h e  boundary l aye r  is dissolving (moving). As a conse- 

quence, t h e  s o l u t e  r i c h  l aye r  becomes trapped i n  t h e  so l id  and pro- 

duces a band. But acu ta l ly  the re  i s  d i f fus ion  i n  t h e  so l id  so t h a t  
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bands which are narrow enough will diffuse out completely and be 

eliminated. From simple diffusion equations one finds that ('1 

bands with a wavelength of the order of 1OOImicrons or smaller will 

be eliminated by solid state diffusion. 

Given the rate of growth of 12 microns/sec. we will then expect 

that temperature oscillations of periods less than eight seconds will 

produce bands which will be eliminated by diffusion. 

though if there is no melt-back, i.e. if the temperature oscillations 

have amplitudes smaller than - + 0.6OC. 

This is true 

Otherwise, as we have seen 

above, we will have a structural morphology completely different from 

parallel lamella so that the probability that solid state diffusion 

will rehabilitate the parallel lamella becomes very small. 

More generally, we will expect to obtain parallel lamella for 

rates of growth roughly between 1 cm/hr to 50 cm/hr for the normally 

used temperature gradients. 

generate into rods when some impurities are present in the melt 

and at low freezing rates we obtain some spheroidization.(ll) 

implies that to obtain lamellar eutectic solidification without band- 

ing we must have a control of any temperature oscillations such that 

their amplitude is smaller than about - + 0.5OC and their frequency 

higher than about 2 cycles/sec. 

At higher freezing rates the lamella de- 
(8,9,10) 

This 
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Figure i. Banding in unidirectionally solidified A1-Cu eutectic alloy with 
temperature oscillations. 
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Figure 2. Unidirectionally solidified A1-Cu eutectic alloy with no temperature 
oscillations except for two intentional spikes at  A and B 
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